Mural paintings in Carmona (Spain), Herberstein (Austria) and Greene (Germany), showing visible deterioration by microorganisms, were sampled to investigate the biodiversity of the heterotrophic bacteria present. Four hundred twenty-eight bacterial strains were isolated from which 385 were characterized by fatty acid methyl ester analysis (FAME). The isolates were grouped into 41 clusters on the basis of their FAME profiles, 20 isolates remained ungrouped. The majority (94%) of the isolates comprised the Gram-positive bacteria and the main clusters were identified as Bacillus sp., Paenibacillus sp., Micrococcus sp., Arthrobacter sp. and Staphylococcus sp. Other clusters contain nocardioform actinomycetes and Gramnegative bacteria, respectively. A cluster of the latter contained extreme halotolerant bacteria isolated in Herberstein. The FAME profiles of this cluster showed a high similarity with Halomonas. ß
Introduction
During the last years, the protection of our cultural heritage has become a matter of great concern. Many artworks show visible damage, e.g. by air pollution, physical and chemical weathering. Aside from these abiotic factors, microorganisms have to be taken into account, since it is now well recognized that they play an important role in the destruction of various objects of art [1^3] . Also for mural paintings, many examples of microbial growth are available [4] . The observed damage can be severe, which is not surprising since mural paintings are often found in unheated buildings, exposed to the open air and varying climatic changes. Overgrowth and discoloration by heterotrophic bacteria, the latter as a result of pigments or metabolic products, causes esthetical damage. The utilization of organic compounds present in the mural paintings results in structural damage. In addition, fungi and actinomycetes can damage them mechanically by penetration of their mycelia into the painting and the ground layer [5] .
A better understanding of the microbial diversity on mural paintings is essential in the light of the conservation practice and will result in a more responsible use of materials. Indeed, several studies report an accelerated microbial colonization after restoration using traditional materials, e.g. casein and egg binder [6, 7] . Moreover, biocides or other antimicrobial agents should only be applied after testing the whole microbial community. Otherwise, one detrimental organism might be replaced by another. An essential step is to expand the knowledge on the micro£ora present on di¡erent mural paintings. This is needed to unravel the correlation between microbial growth and certain deterioration phenomena. Cultivated organisms can then be used to study their deteriorative potential.
The objective of this work was to study the bacterial diversity on deteriorated mural paintings by isolating the heterotrophic bacteria of three sites and comparing the communities obtained. For this purpose, fatty acid methyl ester analysis (FAME) was used, which allows for the rapid characterization of large numbers of bacterial isolates.
Materials and methods

Description of sites and sample collection
Three sites were sampled, i.e. the Roman necropolis of Carmona (Spain), the St. Catherine chapel of the castle Herberstein (Austria) and the St. Martins church of Greene (Germany). The Roman necropolis, Carmona, was in use during the ¢rst and second century A.D. and was discovered at the end of the 19th century. The Servilia tomb of the necropolis contains mural paintings which were strongly damaged during the last 20 years by microbial growth. The St. Catherine chapel, castle Herberstein, has murals from the 13th century, which were under a plaster layer for many years. After the removal of the plaster and restoration in the 1950s, microbial growth caused serious damage to the paintings, which was also shown by previous studies [8^10] . At the St. Martins church (1439), Greene, the mural paintings were covered by paint in 1716 and only in 1977, they were rediscovered.
For each site, di¡erent samples, representative for di¡erent visible damages on the mural paintings, were taken. In Herberstein and Greene, sampling was carried out by a member of a professional restoration company (Ochsenfarth Restaurierungen, Lu « beck, Germany), which resulted in ¢ve and three samples, respectively. In Carmona, three samples were taken under the supervision of the conservator of the Roman necropolis. All samples were taken with a scalpel, scraping o¡ the surface layer and (if possible) a part of the paint layer. The weight of the samples varied from 50 mg to 1 g. The samples will be further referred to as CS (Carmona Spain) 1^3, HA (Herberstein Austria) 1^5 and GG (Greene Germany) 1^3.
Sample treatment and culturing
The samples were homogenized for 1 min in physiological water using a Stomacher Lab-blender (L.E.D. Techno, Eksel) (if necessary, the samples were ¢rst crushed in a sterile mortar). A dilution series was made and plated in duplicate using a Whitley Automatic Spiral Plater (L.E.D. Techno, Eksel). For the samples of Carmona and Herberstein, the following media were used: trypticase soy broth (TSB, BBL) agar (1.5% Bacto-agar, Difco); R2A agar (Difco) ; mineral medium [11] supplemented with (in % w/v) acetic acid 0.03%, succinic acid 0.02%, casein hydrolysate (ICN) 0.01%, yeast extract (Oxoid) 0.01% and glucose 0.01%; PYGV [12] ; starch-casein medium (in % w/v) starch 1%, casein 0.03%, KNO 3 0.2%, K 2 HPO 4 0.2%, NaCl 0.2%, MgSO 4 W7H 2 O 0.005%, CaCO 3 0.002%, FeS-O 4 W7H 2 O 0.001%, agar 2%; TSB and R2A agar supplemented with 10% w/v NaCl; Pseudomonas agar base (Oxoid) with CFC selective supplement (Oxoid); reinforced clostridial agar (RCA, Oxoid). For Greene, mineral medium with supplements, PYGV and Pseudomonas medium were excluded from the protocol due to poor results of this media for Carmona and Herberstein and replaced by BRII medium [13] . All media were supplemented with 0.03% w/v cycloheximide (Sigma) to inhibit fungal growth. The inoculated plates were incubated aerobically for 3 weeks at 28³C, except for RCA plates which were put in an anaerobic cabinet at 37³C.
Enumeration and isolation
Total counts were carried out twice a week. For each medium, colonies were isolated from the plates inoculated with the highest dilutions, showing growth. All visibly di¡erent colony types were isolated and of dominant colony types, several isolates were taken. A total number of 429 heterotrophic bacterial strains was isolated, 163 from Carmona, 127 from Herberstein and 139 from Greene. Each strain was puri¢ed and stored in Microbank 1 tubes (PRO-LAB diagnostics) at 380³C.
FAME
Young pure cultures were grown on TSB agar for 24 or 48 h at 28³C. Strains that could not grow under these conditions were either grown for a longer time (72 or 96 h) or on Marine broth (Difco) with 1.5% Bacto-agar (Difco). The FAME pro¢les of the latter were used for clustering but not for identi¢cation. A quantitative analysis of cellular fatty acid compositions was further performed, using the gas-liquid chromatographic procedure as previously described [14] . The resulting pro¢les were identi¢ed with the Microbial Identi¢cation software (MIDI) using the TSBA database (version 4.0) (Microbial ID, Newark, DE, USA). For clustering, the data were transferred to BioNumerics software (Applied Maths, Kortrijk, Belgium) and compared by UPGMA of the Canberra metric coe¤cients calculated between the FAME pro¢les. To test the reliability of the cluster identi¢cations, the FAME pro¢les were also compared to several reference pro¢les from the TSBA4.0 library, by UPGMA of the Euclidean distance coe¤cients. For representative pure cultures of each cluster, cell morphology, Gram stain and spore formation was recorded.
Results
Total counts
For the isolation of heterotrophic bacteria from mural paintings, good growth was obtained using TSB agar, R2A, BRII, starch-casein medium and TSB and R2A agar media supplemented with 10% sodium chloride. Growth on the media supplemented with salt di¡ered from that on the other media, the colonies appeared later and the colony diversity was lower. On the anaerobically incubated RCA plates and on Pseudomonas medium, no visible growth occurred during the 3 weeks of incubation. For most samples, total counts of heterotrophic bacteria on media without 10% sodium chloride were in the range of 10 3^1 0 7 colony-forming units (CFU) per g wet weight of sample. They are similar to the bacterial counts reported in previous studies of mural paintings [6^8] and stone monuments [12, 15] . For the samples HA5, GG2 and GG3, the total counts were below the detection limit of 2000 CFU. On the media supplemented with 10% sodium chloride, total counts were also in the range of 10 3^1 0 7 CFU for Carmona and Greene. The samples of Herberstein however had total counts up to 10 9 CFU on these media. The results for TSB agar and TSB agar with 10% sodium chloride are shown in Fig. 1 . Another characteristic of the samples of Herberstein was a dominant appearance of colonies with a streptomycete morphology on media without 10% sodium chloride. The ratio streptomycetes:heterotrophic bacteria was 100:1 for samples HA1 and HA3 and 1:1 for HA2 and HA4. For the samples of Carmona and Greene, the number of streptomycetes represented less than 10% of the total colony number.
FAME analysis and grouping of the pro¢les
The incubation step of the FAME protocol is the most crucial part of the technique, since not all strains grow at the stated conditions. From 325 of the total of 428 bacterial strains (76%), FAME pro¢les were obtained through the regular procedure and were identi¢ed with the TSBA4.0 database. From 20 strains, fatty acids could only be extracted after 72^96 h of incubation. Of the remaining strains, 40 isolates from media with 10% sodium chloride were grown on Marine agar instead of TSB agar. The FAME pro¢les obtained from these strains were only used for clustering, not for identi¢cation. In total, 385 FAME pro¢les (90% of the strains) were used for grouping, 41 clusters were delineated at 80% Canberra metric coe¤cient similarity and 20 strains remained ungrouped, as shown in Fig. 2 . On the basis of their FAME pro¢les, the isolates are grouped in three major branches. Group I branches o¡ at 9% similarity and contains 36 clusters. Group II and III separate at 12% similarity and they contain one and four clusters, respectively.
Group I comprises Gram-positive bacteria and contains 94% of the isolates characterized by FAME analysis. The clusters with more then 10 strains can all be attributed to species of the genera Bacillus, Paenibacillus, Arthrobacter, Micrococcus and Staphylococcus, as shown in Table 1 . The strains from cluster AA were identi¢ed as members of the genera Bacillus, Micrococcus and Arthrobacter. They did not cluster together with any of the reference strains of these genera, so the identi¢cation of the cluster is not clear. Cluster AB consists of strains of which the FAME pro¢les were similar to those of Kocuria varians, Arthrobacter sp. and Paenibacillus polymyxa. In addition, it contains seven isolates grown on Marine agar. When clustering together with reference FAME pro¢les, the AB strains cluster close to Arthrobacter protophormiae/ramosus (Euclidean distance, v, ranging from 7 to 21). The rodcoccus cell morphology recorded of representative strains also ¢ts with the description of this genus [16] . Cluster AE was identi¢ed as P. polymyxa, with an average similarity of 46.1% to this entry in the TSBA4.0 database. Clusters AG and AY were both identi¢ed by the database as Bacillus megaterium and both consist of spore-forming rods. The subdivision could not be attributed to the heterogeneity in fatty acid pro¢les of the species [17] , since only cluster AY groups together with one of the reference B. megaterium FAME biotypes (biotype A, v: 13.5^15.3). Strains of cluster AJ were identi¢ed as Micrococcus luteus and Arthrobacter oxydans and also cluster together with reference strains of these species. The major fatty acids of cluster AJ are anteiso-C 15:0 , iso-C 15:0 and anteiso-C 17:0 (with average percentages of 63, 14 and 10%, respectively). It is known that M. luteus, Micrococcus lylae and Arthrobacter sp. have similar FAME compositions, with major amounts of iso and anteiso methyl-branchedchain acids. This and other molecular techniques point to the need for a reclassi¢cation of the Arthrobacter subline [18] . Cluster AK was identi¢ed as M. luteus with an average database similarity of 29.7. This is low and yet, the strains grouped together with the reference pro¢le (v: 9.0^18.3). Strains from cluster AX can be identi¢ed as Bacillus subtilis/Bacillus licheniformis. Grouping with the reference pro¢les resulted in Euclidean distances of 2.7^14.7 and 3.4^14.4, respectively. Since these species have very similar fatty acid pro¢les [17] , both identi¢ca-tions are possible. Cluster BC was identi¢ed as Bacillus pumilus GC subgroup B, with a similarity percentage to the TSBA4.0 database of 68.8. The cluster also showed a good grouping with the reference pro¢le (v: 13.5^15.3). Strains of cluster BF were identi¢ed as Staphylococcus aureus, Staphylococcus epidermidis, Staphylococcus haemolyticus and Staphylococcus hominis. Because of close grouping with all the reference pro¢les of these species, it was not possible to identify the cluster at the species level using FAME analysis. Bacillus lentimorbus (30)^1 2 BA, BB (9) No match 6 1 2 BC (27) B. pumilus GC subgroup B (69) 20^7 BD (7) No match 4^3 BE (8) Bacillus GC group 22 (34)^^8 BF (15) Staphylococcus sp. a Clusters AA-BJ = group I, cluster BK = group II, clusters BL-BO = group III. b Identi¢cations are given for each cluster unless the similarity with the TSBA4.0 database was lower then 20%, such identi¢cations were considered as no match. If clusters contain strains that are assigned to two genera, both names are given. If clusters contain strains assigned to several species of the same genus, only the genus name is given. Capital letters following identi¢cations refer to one of the gas chromatography subgroups of the species. If the clusters consist of FAME pro¢les obtained after growth on Marine agar, the identi¢ca-tion is followed by (MA). c The percentage similarity with the reference entry in the TSBA4.0 database given as identi¢cation for the cluster. The percentage tabulated is the average percentage of all strains in the cluster for the identi¢cation given. If more than one identi¢cation is given, per strain, the highest percentage to one of the identi¢cations was taken to calculate the % match. d Identi¢cation of unclustered strains, given in the order of Fig. 2 (from top to bottom). Group I: no match, B. circulans (24% similarity), 2U no match, Cellulomonas turbata (34%), B. lentimorbus (23%), no match, Staphylococcus lugdunensis (31%), 5U no match. Group II: 3U no match, Rhodococcus rhodococcus GC subgroup B/Nocardia nova (56 an 52%, respectively). Group III: Brevundimonas diminuta (31%), 2U no match.
All strains from group II were isolated from sample GG3. Using FAME analysis, they were identi¢ed as species from the nocardioform actinomycetes, yet with very low similarity to the database (less then 20%). Cluster BK was grouped next to the reference pro¢le of Nocardioides albus (v: 10%), but the distinguishing fatty acids were di¡erent from those given in the literature for this species [19] . The cluster is characterized by large amounts of iso-C 16:0 , iso-C 16:1 , C 17:1w8c and C 18:1w9c .
Group III combines the Gram-negative bacteria and contains four clusters. Cluster BL consists of eight strains isolated from the mural paintings of Herberstein that could only be grown on media with sodium chloride. The presence of salt tolerant bacteria on the mural paintings of Herberstein was previously reported [8] and a Halomonas species was identi¢ed using DGGE. Therefore, the FAME pro¢les of cluster BL were compared with those of Halomonas species in the literature. The cluster is characterized by large amounts of C 18:1w7caw9taw12t (323 8%), C 16:0 (20^23%) and C 16:1w7c (or iso2OH-C 15:0 ) (17^18%), which is in accordance to the dominant fatty acids given for Halomonas species in the literature [20, 21] . Though the fatty acid composition of the cluster is similar to those given in the literature, there is no real match with a speci¢ed species. This can be due to the growth conditions, since the fatty acid composition varies with temperature, salinity and media components [21] . Since there were no Halomonas pro¢les in the TSBA4.0 database, the pro¢les of two strains, isolated from polar seawater and identi¢ed by 16S rDNA sequencing as Halomonas variabilis (Mergaert, J., unpublished results), were used for comparison. The pro¢les clustered closely together (v: 7.5^15.6), which is another indication that the cluster is closely related to the genus Halomonas.
Discussion
Grouping of FAME pro¢les showed that a high diversity of heterotrophic bacteria could be isolated from the mural paintings of all three sites. A comparison of the species composition of the three sampling sites reveals that the similarity is not higher between di¡erent samples of one site then between those of di¡erent sites. The sites have a high similarity in species composition if only the clusters that contain 10 or more strains are taken into consideration. Since the strains from these clusters were frequently isolated, they are likely to be part of the dominant micro£ora on the mural paintings. Most of the main clusters consist of strains from all three mural painting sampling sites, except for clusters AA and BC that have no isolates from Greene and Herberstein, respectively. The identi¢cation of the main clusters is in accordance to the genera isolated from mural paintings in previous studies [5, 7, 22] . Especially Bacillus species are commonly isolated from mural paintings [2, 4, 6] and also in this study, they are the dominant group. The success of bacilli on mural paintings can be explained by the fact that they are able to survive for long periods, even up to centuries [23] , as spores in which their DNA is protected against damage by small, acid-soluble proteins [24] . Small populations of bacilli present on mural paintings over a long period of time can give very high numbers of spores. Sampling and isolation of such mural paintings will give an overestimation of the number of bacilli actually living on the mural paintings. Still, the occurrence of di¡erent Bacillus species is an indication for a successful growth of the genus on mural paintings. Di¡erences between the di¡erent sampling sites are found in smaller clusters and especially those from group II and III. Group II, that comprises the nocardioform actinomycetes, is restricted to Greene. The mural paintings of Herberstein can be characterized by the presence of a cluster of extreme halotolerant bacteria from group III, with a high similarity to Halomonas. As this group is linked to the high counts on media with 10% sodium chloride, it is considered to be a dominant inhabitant of the mural paintings. FAME analysis combined with pro¢le comparison proved to be a satisfactory method for the primary characterization of large numbers of heterotrophic bacteria. Furthermore, the database of the obtained FAME pro¢les can be used for comparison with future bacterial isolates from mural paintings. Identi¢cation of the isolates using the TSBA4.0 database was di¤cult for several reasons. First, not all isolates grow under the conditions stated by the culturing protocol. Secondly, the database does not contain pro¢les of all known species. Thirdly, many of the isolated Gram-positives belong to heterogeneous genera that often contain several FAME biotypes, e.g. Bacillus, Micrococcus and Arthrobacter. Therefore, additional techniques will be needed to identify all clusters to the species level.
